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Colloid sorption onto air-water interfaces in a variety of natural
environments has been previously recognized, but better quantifi-
cation and understanding is still needed. Affinities of clay colloids
for the air-water interface were measured using a bubble-column
method and reported as partition coefficients (K). Four types of di-
lute clay suspensions were measured in NaCl solutions under vary-
ing pH and ionic strength conditions: kaolinite KGa-1, illite IMt-2,
montmorillonite SWy-2, and bentonite. The K values of three types
of polystyrene latex particles with different surface-charge prop-
erties were also measured for comparison. Kaolinite exhibited ex-
tremely high affinity to the air-water interface at pH values below 7.
Illite has lower affinity to air-water interfaces than kaolinite, but
has similar pH dependence. Na-montmorillonite and bentonite clay
were found excluded from the air-water interface at any given pH
and ionic strength. Positively and negatively charged latex parti-
cles exhibited sorption and exclusion, respectively, at the air-water
interface. These results show the importance of electrostatic inter-
actions between the air-water interface and colloids, especially the
influence of pH-dependent edge charges, and influence of particle
shape. © 2002 Elsevier Science (USA)
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INTRODUCTION

Colloids have been found favorably sorbed at air-water inter-
faces in many natural environments. For instance, enrichment of
colloid-associated heavy metals and organic compounds at the
surface of oceans and lakes have been reported (1-4). Clays,
humic acids, and microorganisms have also been found prefer-
entially sorbed at air—water interfaces in unsaturated soils (5-9).
Colloid partitioning at gas—water interfaces has been analyzed
as a special case of heterocoagulation, the interaction between
double-layers of dissimilar surfaces (10, 11). Unlike partitioning
of larger-sized particles, electrostatic partitioning of hydrophilic
colloids at air-water interfaces can occur without deformation
of the air-water interface and without capillary effects (11, 12).
Predictions from heterocoagulation analysis of colloid flotation
include the dominance of interfacial forces over inertial forces,
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and the requirement of either low-magnitude zeta potentials or
zeta potentials of opposite signs for the colloids and air-water
interface. In the absence of surfactants, zeta potentials for the
air-water interface are negative (13, 14). The pH-dependent neg-
ative charge at the air-water interface is attributed to hydrogen
bonding of hydroxylions to interfacial water molecules (15, 16).
Thus, the dominant influence of the repulsive electrostatic force
prevents partitioning of negatively charged colloids at air-water
interfaces, except when surface potentials are low and ionic
strength is high (11).

In subsurface environments, gas—water interfaces exist dis-
continuously below the water table (trapped gas) and much
more continuously above the water table in the vadose zone.
In groundwaters, colloids attached on gas bubbles can move
with the bubbles. In the vadose zone, colloids at air-water in-
terfaces may be mobile or immobile (7, 8, 17). The air-water
interfacial area can be quite large in vadose zone soils and sedi-
ments. Since clay minerals are ubiquitous, abundant, and high in
sorptivity for contaminants, quantification of their partitioning
at air-water interfaces may be important in understanding some
vadose zone geochemical transport processes.

For solutions containing surface-active molecules, measure-
ment of changes in surface tension resulting from changes in
solute concentration permits calculation of their surface excess
through the Gibbs adsorption equation. However, this approach
is typically insensitive to suspensions of particles, i.e., surface
tension changes resulting from colloid partitioning are not mea-
surable under most environmentally relevant conditions. Thus,
several alternative approaches to characterizing surface accumu-
lations of particles and associated species have been developed.
Previously developed methods include surface microlayer sam-
pling using stainless-steel mesh, skimmer devices, slides, and
jet drop collection (4, 18, 19). These methods can have large
uncertainties in thicknesses and sampled interfacial areas, and
results are often reported as enrichment factors for a given esti-
mated thickness. In studies of surfactant-enhanced fine-particle
flotation, colloid partitioning has been characterized in terms of
flotation-rate constants (20). However, the experimental meth-
ods used in such studies require surfactants to rapidly remove
captured particles from the foam phase. To quantify colloid par-
titioning at air-water interfaces under surfactant-poor conditions
typical of subsurface environments, an alternative method is
needed. Recently, Wan and Tokunaga (21) developed a simple
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dynamic method to characterize colloid surface excesses at air—
water interfaces without requiring assumptions about the thick-
ness of interfacial regions and without use of surfactants. In this
paper we report measured partition coefficients of different clay
minerals and latex microspheres at the air-water interface, pri-
marily under environmentally relevant solution-chemistry con-
ditions. For this purpose, no surfactants were used, and most
experiments were conducted at low values of ionic strength.

METHODS AND MATERIALS

Bubble-Column Method and Definition of Colloid
Partition Coefficient

Wan and Tokunaga (21) developed a bubble-column method
to measure surface excesses of colloids at the air-water interface,
based on a design by Lemlich (22, 23). Using this method, air
is bubbled through a vertical column containing a dilute aque-
ous suspension of colloids, with a free surface at the top. Rising
bubbles sorb and carry surface-active species upward and then
release them back to the solution at the free surface where the
bubbles burst. Upon reaching steady state, the concentration pro-
file along the column length reflects the balance between upward
transport (by partitioning onto rising bubbles) and downward
transport (by eddy dispersion). This balance is characterized lo-
cally by

dc
afl' = AD—, 1
dz

where a is the surface area per bubble, f is the bubble genera-
tion rate [T ~'], T is the surface excess [L 2], A is the column
cross-sectional area, D is the column eddy dispersion coeffi-
cient [L?T '], C is the local colloid concentration in suspen-
sion [L~3], and z is the vertical coordinate (positive upward).
For dilute suspensions, partitioning of colloids at the water—gas
interface is assumed to be linearly dependent on the local sus-
pended colloid concentration, such that

I' =KC. (2]

If colloid partitioning is sufficiently rapid such that Eq. [2] rep-
resents local equilibria, then K is an equilibrium partition coef-
ficient [L]. Equilibrium K values were obtained for surfactant
partitioning in bubble columns (21), as verified through com-
parisons with surface tension measurements. However, lacking
independent equilibrium measurements of colloid partitioning
at air-water interfaces, we must regard K values obtained for
colloids as being less than or equal to their equilibrium values.
The solution to Egs. [1] and [2] is an exponential profile, and
the steady-state ratio of the concentration at elevation z versus
the bottom of the column is

C@

o exp(J z), [3]

where

af K
J = D [4]

The initial (uniform) concentration (C,) and the steady-state
concentration at the bottom of the column (Cy) are related
through Eq. [2] and mass conservation, giving

HJ
= i e .
such that
Ciz) HJ )
cy {exp(HJ) - 1]6“’(”")' [6]

Thus, when A, a, f, and D have been independently determined,
measurement of steady-state C(z) permits a unique determina-
tion of K.

Experimental Conditions and Parameters Used
in the Model Calculations

The bubble column described in Wan and Tokunaga (21) was
also used in this study. The glass column was 2.0 m in height
and had a 0.019 m inner diameter, with nine septum-capped
sampling ports along the length of the column. Air bubbles are
generated by forcing filtered compressed air into the chamber
located at the bottom of the column and up through a fritted glass
plate. Airflow was controlled and measured with a flow control
system (Cole-Parmer), and a pressure transducer was used for
monitoring the inflow pressure. An airflow rate of 10.0 standard
mL min~! was used (as it was in all the experiments reported in
this paper). This flow rate was chosen because it provided a large
concentration of relatively uniformly sized spherical bubbles,
without air channeling.

Bubble sizes were measured photographically using a CCD
camera recording and computer image analyses. A 254-um-
diameter wire was installed as the scale inside of the column dur-
ing photographing. Three recorded images under each chemical
conditions were used to determine the average bubble diameter.
All the bubbles, excluding the ones close to the glass walls that
exhibited optical distortion, were measured in each image. Total
surface area of the measured bubbles was calculated (assuming
spherical shape), from which an area-averaged bubble diame-
ter was determined. The difference between measured average
bubble diameters in 1.0 and 100 mM NaCl solutions (contain-
ing diluted kaolinite particles) was within the range of measure-
ment error. An average bubble diameter of 481 + 71 um was
used in all calculations; this diameter presents an effectively
flat air—water interface to the much smaller (=1 um) particles.
The column eddy dispersivity, D, of 6.0 x 10™* m? s~! was ex-
perimentally determined through measuring dispersion of step
inputs of a salt tracer in the bubble column. The time required to
reach the steady-state was determined experimentally. A length
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of 2 to 3 h was found optimum, and longer times resulted in
aggregation of colloids under some tested conditions.

All experiments were conducted at room temperature (22.8 £
0.5°C). At steady state, samples (2 mL each) were withdrawn
through the septum ports using syringes, starting with the top
port and progressively collecting from lower ports. The rel-
ative concentrations of the samples were measured with a
spectrophotometer (Milton Roy 601, Rochester, NY) in the lin-
ear absorbance range. Samples were analyzed immediately after
being withdrawn from the column and also after sonicating for
10 min to break down possible colloidal aggregates formed dur-
ing bubbling. Absolute particle concentrations were determined
with a particle sizer counter (Multisizer 11, Coulter Co., Miami,
FL). The measured concentration profile (relative concentration
versus the distance along the column) from each experiment was
used with Eqgs. [4] and [6] to obtain the partition coefficient, K,
for the specific experimental conditions (colloid type and solu-
tion chemistry).

Preparation of Colloid Suspensions

Both clay colloids and polystyrene latex microspheres were
measured for their partitioning coefficients at the air—water
interface (Table 1). The clays tested were kaolinite (KGal, well
crystallized), Na-montmorillonite (SWy-2), and illite (IMt-2),
all purchased from the Clay Minerals Society (Columbia, MO).
SEM images of these clays are shown in Fig. 1. Some tests were
also done on a bentonite clay, separated from Wyoming bentonite
rock (American Colloid Company, Arlington Heights, IL).

To prepare clay suspensions, a sample of 50 g clay was sus-
pended in 1 L of distilled water by vigorous stirring in a blender,
adjusting the pH of the suspension to 9.0 by addition of 0.01 M
NaOH. After overnight equilibration, the suspension was size-
fractionated by centrifugation to collect particles in the equiva-
lent size range of 0.6 to 1.0 m (equivalent-spherical-diameter).
Particles greater than 1.0 um (equivalent sphere basis) were
discarded in order to minimize the influence of sedimentation.

TABLE 1
Summary of Size, Shape, and Charge Properties
of Some Colloids Tested
Total specific ~ Structural Estimated Edge area
surface area charge thickness (% of
Colloid (m2 g“’) (sites nm"z) (nm) total area)
Kaolinite KGa-1 11.6 —0.3 4010 70 20 to 30
Iilite IMt-2 21.7 —-2.0 8 t0 20 210 10
Montmorillonite 309 -14.9 1 <1%
SWy-2
Polystyrene, amidine 9.5 +0.9 600 (diameter) NA
Polystyrene, sulfate 5.6 —-0.4 1000 (diameter) NA
Polystyrene, 5.6 —-13.7 1010 (diameter) NA
carboxylate

Note. Surface area data for clays are from Ny BET measurements (Micromerit-
ics, Norcross, GA). Surface area and charge data for polystyrene latex micro-
spheres are from the manufacturer (Interfacial Dynamics Corp., Portland, OR).
References for other mineral properties are noted in the text.

Particles less than 0.6 um were also discarded because they
were below the detection limit of our particle counter (Coulter
Multisizer II, with 50-um orifice). The experimentally con-
strained choice of working with colloids in the 0.6- to 1.0-pum
range is disadvantageous from considerations of particle-bubble
collision efficiency since finer sizes permit more Brownian en-
counters while larger sizes permit inertial contact (24, 25). Mini-
mum collision efficiencies for colloid encounters with interfaces
occur in the 0.6- to 1.0-um size range.

It should also be noted that hydrodynamic friction-dependent
size fractionation methods (e.g., sedimentation, centrifugation,
electrophoresis) are particle shape-dependent. Clay platelets ex-
perience significantly more drag per unit mass as their aspect
(plate diameter to thickness of aggregate particle) ratios depart
from unity. Electron micrograph images of our kaolinites (e.g.,
Fig. 1A) appear to show aspect ratios varying within the range of
2 to 10 measured for KGa-1 by Brady er al. (26) and thicknesses

FIG. 1.

Scanning electron micrographs of clays, (A) kaolinite, (B) illite, and (C) Na-montmorillonite.
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in the range of 40 to 70 nm. Within this range of aspect ra-
tios, the friction factor for an equivalent oblate ellipsoid only
increases by 4 to 46%, respectively, relative to that of a sphere
(27). Our images of illite and montmorillonite (Figs. 1B and 1C)
indicate progressively higher aspect ratios. Reported values of
illite platelet thicknesses tend to fall in the range of 8 to 20 nm
(28-30), while smectites dispersed in Na-suspensions are typ-
ically regarded as sheets of 1 nm, unit cell thickness (28, 31).
Quantification of the aspect ratios are difficult from SEM im-
ages, especially for montmorillonite because they are likely to
involve stacking of many individual sheets that were previously
dispersed in the dilute NaCl test solutions.

After size fraction by centrifugation, particles were washed
with a saline, acid solution (1.0 mM HCI + 1.0 M NaCl). The
desired size fraction was redispersed in 1 L of saline acid
solution and stirred overnight. Clay flocculates were washed
with 1.0 mM NaCl until pH was raised to 5.5 (about 5
times by centrifugation). In the final step, the particles were
redispersed in 1.0 mM NaCl to a concentration of about 10°
particles mL~!, and pH was adjusted to 8.5. These stock clay
suspensions were stored in a refrigerator (4°C) for later ex-
periments. Dilute suspensions, about 5 x 10° particles mL™!,
were used in the column experiments. The absolute parti-
cle concentration of a stock suspension was measured us-
ing a particle analyzer (Coulter Multisizer I1). The desired fi-
nal pH of a suspension was achieved by addition of 0.01 M
HCI or 0.01 M NaOH. NaHCO; and/or Na,CO3; or Na,HPO,
was used to buffer suspensions for pH values greater than 7.

Three types of surfactant-free polystyrene particles (Interfa-
cial Dynamics Corp., Portland, OR) were tested for comparison
with clays. Carboxyl polystyrene latex particles are negatively
charged (14 charge sites per nm?), and 1.0 zm in diameter. Sul-
fate polystyrene latex particles are slightly negatively charged
(0.4 charge sites per nm?) and 1.0 2m in diameter. The amidine
polystyrene latex particles are positively charged (0.9 charge
sites per nm?), and 0.60 um in diameter. Each set of particles
was dispersed in 1.0 mM NaCl, pH 5.7, solutions to achieve
bubble column particle concentrations of about 107 particles
mL~L.

RESULTS

Surface excesses of kaolinite particles at air—water interfaces
were measured using diluted suspensions in 1.0 mM NaCl, at pH
values ranging from 4 to 9. The measured partition coefficients
revealed high affinities of kaolinite to the air-water interface
under acidic conditions. A set of profile samples taken at steady-
state from a kaolinite column (pH 5.7) is shown in Fig. 2a.
A distinct concentration gradient along the column was easily
visible after only about 10 min. Kaolinite particles were highly
concentrated at the top, and almost absent from the bottom of
the column. The corresponding relative concentration profile
of the samples shown in Fig. 2a is shown in Fig. 2b (pH 5.7
profile). The relative concentrations C /C,, varied from 5 at the

top to near zero at the bottom, and the absolute particle numbers
varied by three orders of magnitude. Figure 2b also shows typical
measured relative concentration profiles at pH values of 4.5,
6.3, and 7.5. The curves are least-squares fits to the data, using
Eq. [6]. Larger concentration gradients reflect higher degree of
sorption at the air—water interface and therefore larger K values.
A total of 40 measurements were conducted under different pH
conditions, with data summarized in Fig. 3. The measured K
values are in the range of 0 to 200 pm, depending on pH. In
the pH range of 4 to 6.3, K values vary within the range of
experimental uncertainty. An average value of 165 £ 24 um
(14% uncertainty) was obtained. K decreases rapidly when pH
exceeds 6.3, and reaches zero as pH approaches 8. K values
also decrease when the pH is lower than 4. The ionic-strength
dependence of K values for kaolinite was studied in solutions of
10! to 10~ M NaCl (Fig. 4). For this set of tests, the solution
pH was maintained at 5.6 for all the experiments except the
ones at 1073 M, which had pH values ranging from 5.4 to 5.8.
No distinct difference was detected in the ionic-strength range
of 107" to 1073 M. A slightly decreased K was seen at an ionic-
strength of 107 M, and a large decrease was measured when
ionic-strength was dropped to 107> M.

The partitioning of illite clay at the air—water interface was
measured in 1.0 mM NaCl, with pH varying from 4 t0 9. Com-
pared to kaolinite, illite is slightly surface active. Measured K
values are in the range of 0 to 30 pm (Fig. 5), with an average K
value of 20 £ 5 um at pH < 6.5. K decreases with increasing
pH and reaches zero when pH approaches 9.

Measurements for Na-montmorillonite and bentonite K were
conducted in 1.0 mM NaCl, over a pH range of 4 to 8. These clays
did not partition at the air—water interface under the tested con-
ditions. The influence of ionic strength was tested in solutions of
107! to 107> M NaCl at pH ~ 5.5, and found to have no measur-
able influence. Inverted concentration profiles were developed
at all the pH and ionic strength conditions tested, with particle
concentrations being higher at the bottom and lower at the top
of the columns (Fig. 6). Surface exclusion of salts in solution
is commonly measurable through increases in surface tension.
Negative concentration gradients of simple salts at high concen-
trations were measured in bubble columns, as expected due to
their surface exclusion (20). Like simple salt solutions, nega-
tive concentration gradients of colloids observed in this study
are also an indication of surface exclusion. Although the bubble
column method is not sensitive enough for quantifying surface
exclusion, it can distinguish between surface exclusion and sur-
face accumulation.

The polystyrene latex microspheres exhibited slightly nega-
tive to slightly positive partitioning at the air—water interface.
Negatively charged carboxylated microspheres yielded K val-
ues of —3 + 4 um. The K for the nearly neutral sulfate micro-
spheres was essentially zero (1 & 1 um). The positively charged
amidine microspheres showed slightly favorable partitioning
at the air—water interface, with K values ranging from 4 to
13 um.
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FIG. 2.

(a) Samples of kaolinite suspension taken at steady-state along the bubble-column (pH 5.7, 10~ M NaCl). Kaolinite particies were highly concentrated

at the top (right side), and almost absent from the bottom of the column. (b) Measured and calculated relative concentration profiles of kaolinite particles within

the bubble column (1073 M NaCl, various values of pH).

DISCUSSION

The results from bubble column measurements of colloid
partitioning at the air-water interface collectively reflect the
importance of particle charge, solution ionic strength, and
particle geometry (summarized in Table 2). Since we are con-
sidering the variety of colloid affinities with air—water inter-
faces, it is worth beginning with reviewing charge characteris-
tics of the air—water interface. Zeta (¢) potential measurements
of surfactant-free air~water interfaces yield negative values. In
deionized water, the air-water interfacial ¢ = —65mV (14). The
solution pH associated with that value was not reported, but it
corresponds to results obtained by Li and Somasundaran (13) in
dilute (10~° M) NaCl at a pH of about 5.5. They reported air—
water interface ¢ potential measurements over a very wide pH

range (2 to 12) for NaCl concentrations up to 0.1 M. The ¢ po-
tentials of air bubbles in these NaCl solutions were all negative
(ranging from —10 to —90 mV), decreased with increasing pH,
and increased with increasing ionic strength. They also reported
slightly positive values of ¢ at pH > 9 when Mg was added
at concentrations high enough to precipitate Mg(OH), parti-
cles on bubble surfaces. These previous studies indicate that the
air-water interface is effectively negatively charged under all
of our test conditions. It is also worth noting that very similar
¢ (pH) values were obtained for oil-water interfaces by Marinova
etal. (15).

The influence of the surface charge of a colloid on its parti-
tioning can now be considered in light of the aforementioned
information on the air—water interfacial charge. The experi-
ments on polystyrene latex microspheres provide a clear test of
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TABLE 2
Summary of Measured Partition Coefficients

Colloid K

Kaolinite (KGa-1)

Hlite (IMt-2)
Montmorillonite (SWy-2)
Bentonite

Amidine latex

Sulfate latex

Carboxylate latex

0-200 p2m, highly pH-dependent
0-30 zem, highly pH-dependent
surface exclusion

surface exclusion

4-13 um

1+1um

surface exclusion

charge effects since these particles are all spherical, each hav-
ing a relatively uniform distribution of a specific charge group,
and all were tested in dilute NaCl solutions. Only the positively
charged amidine microspheres exhibited partitioning at the air—
water interface (K ~ 7 um), while the negatively charged sul-
fate and carboxylate microspheres showed insignificant parti-
tioning and surface exclusion, respectively. These results are
consistent with electrostatic attraction of positively charged par-
ticles to the negatively charged air-water interface.

The morphology and charge characteristics of three different
types of clays and their proposed interactions with the air-water
interface are illustrated in Fig. 7. The dominant influence of
electrostatic interactions between colloids and the air-water
interface is further evident from the pH dependences of K
values. Kaolinite KGa-1 may be the least complicated of our
mineral colloids to analyze because of its small permanent
charge, and well characterized pH-dependent charge and ge-
ometry (26, 32, 33). It has a small permanent negative charge,
largely on its siloxane surface associated with Al(III) sub-
stitution, and pH-dependent charge arising from protonating—
deprotonating aluminol and silanol edge sites. Based on the
observed behavior of latex microspheres, negatively charged
face surfaces of kaolinite are not expected to partition at the
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FIG. 3. The pH dependence of K values for kaolinite clay. Kaolinite is
highly surface active under acidic conditions. K decreased rapidly when pH >
6.3 and reduced to zero when pH reached to 8. All experiments were conducted
in 107 M NaCl.
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FIG. 4. Ionic-strength dependence of K values for kaolinite clay. Solution

pH values were in the range of 5.4 to 5.8.

air—water interface under the conditions tested, while its pro-
tonated edge sites can sorb at this interface. Kaolinite begins
to partition at air—water interfaces as the pH is lowered be-
low 7.5, and reaches its highest K values (100 to 200 um)
under acidic pH. This behavior parallels measurements of the
pH-dependent anion adsorption envelopes of kaolinites, which
diminish to zero for pH > 7 (34). The pH at which kaolinite
KGa-1 is at its point of zero net proton charge (PZNPC) is about
5 (32, 35). The fact that measurable K values were obtained
for kaolinite even at pH values substantially higher than the
PZNPC indicates that it can partition at air—water interfaces even
when only a small fraction of edge sites are protonated. Over
the tested pH range and the short testing times, we believe that
kaolinite dissolution was minor even in the acidic solutions and
that the primary change imposed on kaolinite particles in the
course of decreasing pH is protonation of its edge sites. Despite
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FIG. 5. Measured K for illite at different pH values, particles were sus-
pended in 1073 M NaCl.
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pH values, showing surface exclusion of the Na-montmorillonite particles from
the air—water interface. Similar results were obtained with bentonite clay.

its small permanent negative charge, the attraction of positively
charged edges to the air—water interface permits partitioning of
kaolinite.

Such partitioning requires not only sufficient edge charge den-
sity, but sufficient edge surface area as well. Among the com-
mon aluminosilicate clays, kaolinites appear to be particularly
suited for edge surface partitioning at air—water interfaces be-
cause its edges contribute 20 to 30% of its total surface area (26,
33). Furthermore, kaolinite particles tend to occur as hexagonal
plates with well-defined, planar edge surfaces (Fig. 1a) that max-
imize interactions with effectively planar air-water interfaces.
The double-layer influence on efficiency of kaolinite edge en-
counters with bubble surfaces is reflected in the ionic strength
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dependence of partitioning (Fig. 4). Atlow ionic strength, greater
double layer thicknesses diminish particle~interface encounters.
The extent to which kinetic limitations may contribute to under-
estimating K values has not been determined.

Partitioning of illite at the air—water interface followed pH-
dependent trends similar to that obtained for kaolinite, but with
smaller K. Differences between these two types of colloids in-
clude their layer structure, intrinsic charge, and overall shape.
Although the 2 : 1 illite is composed of an aluminum octahedral
layer between two silica tetrahedral layers, whereas kaolinite is a
1 : 1 aluminosilicate, the pH dependence of edge charges are very
similar (31, 29). However, illites have higher permanent nega-
tive charge, higher aspect ratios, and less planar edges (Fig. 1b)
relative to kaolinite. These characteristics all hinder sorption of
illite at air—water interfaces. Thus, the pH-dependent partition-
ing of illite at air—water interfaces is expected to be similar to
that of kaolinite, but of weaker magnitude.

The lack of montmorillonite and bentonite partitioning at air—
water interfaces under any of the tested conditions can be inter-
preted in terms of the same criteria used for kaolinite and illite:
edge charge, intrinsic charge, and particle shape. Since montmo-
rillonite and bentonite are 2 : 1 aluminosilicate clays, they have
pH-dependent edge charges similar to that of illite that favor
partition at the air-water interface under neutral to acidic con-
ditions. However, the much higher permanent negative charges
of montmorillonite and bentonite provide a substantial repul-
sive interaction with air—water interfaces. These smectite clays
also become fully dispersed in dilute Na suspensions, resulting
in very high aspect ratios exceeding 10%. Such high aspect ra-
tios, combined with more irregular frayed edges (Fig. 1¢) permit
very limited edge surface contact with the effectively planar air—
water interface. Furthermore, at high aspect ratios (36) and more
specifically, very thin single sheets of 2:1 clays (37, 38), the

gas

FIG.7. Morphology and charge characteristics of clays, and their proposed interactions with the air-water interface.
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negative electrostatic field emanating from smectite face sur-
faces overwhelms the positive edge field. These considerations
collectively indicate that fully dispersed Na-smectites will not
partition at air—water interfaces and are consistent with the bub-
ble column measurements.

It should be noted that the results presented were all from
colloid suspensions in NaCl solutions. The influence of solution
chemistry, in particular cation valence, is expected to be impor-
tant as well. Smectite suspensions in Ca solutions may be less
dispersed, hence consist of stacked particles with lower overall
aspect ratios and potentially larger influences of edge charges.
The possibility of smectite partitioning at air—water interfaces
through cation bridging also arises in divalent solutions.

CONCLUSIONS

Using the bubble column method, we measured partition-
ing of common aluminosilicate clays and latex microspheres at
surfactant-free air-water interfaces in NaCl solutions. Compar-
isons among microspheres showed that only positively charged
particles partitioned at the air-water interface. Kaolinite and
illite exhibited pH-dependent partitioning to the air-~water in-
terface, diminishing above pH = 8. The very large partitioning
of kaolinite was attributed to its large fraction of flat edge sur-
face area that is progressively protonated with lower pH, and its
lower intrinsic negative charge density. By extension, colloidal
oxide particles such as goethite and gibbsite are expected to have
very high, pH-dependent affinities to the air-water interface.
The absence of montmorillonite and bentonite partitioning at
the air-water interface is believed to result from the high perma-
nent negative charge, very low edge surface area, and spillover
of the negative electric field from their face surfaces over their
very thin edges. The nature of the ionic solution (e.g., NaCl vs
CaCl; or CaS0Oy) is also expected to influence clay colloid par-
titioning at air—water interfaces through aggregation and cation
bridging.

Although the vast majority of clays in soils are part of the
immobile solid phase matrix, there is interest in colloids sus-
pended in the mobile aqueous phase because they transport con-
taminants. Since the air—water interfacial area can be large in
unsaturated soils, it is important to understand the distribution
of colloids between this interface and the bulk soil solution. The
measurements presented here provide the first contributions to
a database of partition coefficients for environmental colloids at
the air—water interface.
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